Abstract: This research examined the effect of pod elimination on growth and N 2 fixation ability in three annual Medicago species during drought stress and subsequent recovery. This study was carried out as a factorial experiment based on a completely randomized design with four replications. The treatments included annual Medicago species, presence or removal of the pod, and water stress at four levels: 100% (as a control), 80%, 60%, and 40% field capacity (FC) during the period of stress. The results showed that annual Medicago species can be considered as semi-drought tolerant species and their recovery ability from mild and moderate drought stress is relatively good. M. polymorpha performed better and showed higher recovery ability in comparison with other tested species. The results of this study showed that elimination of pods from annual Medicago species before sowing enhanced seedling performance under drought stress. However, the effect of pod elimination showed higher significance on growth parameters than nitrogen fixation. The information from this research would be useful for better understanding the physiological basis of changes in drought resistance, as well as targeted breeding programs, to improve the performance of annual Medicago species under conditions of limited or scarce water supply.
Introduction
Distribution, growth, and plant yield are always affected by biotic and abiotic stresses (Mahajan and Tuteja 2005) . Iran is among the world's most arid countries, having an average annual rainfall of 240 mm. Water deficit stress is one of the most important and common limiting factors of crop production in arid and semi-arid regions (Turhan and Baser 2004) .
Arid and semi-arid regions comprise about 61% of Iran; with a rainy period generally from November to May, followed by a dry period between June and October. In this country, the rains are highly variable in time, space, amount, and duration, and water is the most important limiting factor for biological and agricultural activities (Modarres and Rodrigues da Silva 2007) . Over the last decade, Iran experienced its most prolonged, extensive, and severe drought in over 30 years. Plants have developed a wide diversity of morphological and physiological drought tolerance mechanisms (Blum 1996) . Drought stress exerts profound effects on plant physiology in general. Water stress can affect the growth of plant organs differently, and this may result in alteration of the morphological features of plants such as plant height, leaf area, and dry weight (Liu et al. 2013; Sapeta et al. 2013 ). For legumes, drought stress not only limits plant productivity, but also impairs nodule functions. Under water stress, traits related to nitrogen fixing such as nitrogenase activity, number of nodules, and nodule dry weight decrease (Pimratch et al. 2008) .
The genus Medicago is represented by 80 species, 14 of which are found in Iran. Annual Medicago species are often called the Queen of forage plants and are regarded as the most important forage plants in America, Canada, Australia, Iran, and other countries (Dorri et al. 2008) . Medicago species, as a rich source of protein, vitamins, and minerals, are considered as the most important forage species in rangelands of Iran. These plants are widely used because of their palatability and ability to improve the soil and increase soil fertility (Khaef et al. 2011) . Annual medics are highly adaptable agronomic plants that can easily grow in a wide range of hot and dry regions, soil type, and under different growth seasons (Shabani et al. 2012 ). Due to the symbiotic nitrogen fixation capacity of legumes, these plants are often used to improve soil organic fertility and nitrogen economy (Nunes et al. 2008) . The distribution of annual Medicago species in the world, particularly in arid and semi-arid regions, is an indication of their resistance to drought (Khaef et al. 2011; Shabani et al. 2012) . Although the effect of drought on the growth and nitrogen fixation of some Medicago spp. have been well studied (Schubert et al. 1995; Kim and Nam 2013; Yang et al. 2013) , the effects of drought and subsequent recovery on annual Medicago species N 2 fixation still requires a lot of work.
In many plant species, germination and seedling growth is inhibited by the mechanical restriction exerted by the seed coat (Sung and Chiu 1995) . Hard seed-coat imposed dormancy is one of the major intrinsic constraints that retard the seed germination of annual species. These plants are well adapted to arid environments with low, short, and unpredictable rainfall. Germination only occurs after a heavy rain that washes away the inhibitors and softens the seed coat. Nevertheless, in many cases the desired germination rates cannot be achieved because the seed pods became light and float on the surface. To solve this problem and increase germination, farmers have attempted to remove the pods. A review of existing literature reveals that no study, to the best of our knowledge, has analyzed the effect of pod elimination on drought tolerance in legumes. Therefore, this research is aimed at evaluating drought stress and subsequent growth and nitrogen fixation in three annual Medicago species (M. rigidula, M. scutellata, and M. polymorpha) planted with and without the pods.
Materials and Methods
Three species of annual Medicago, M. rigidula, M. scutellata, and M. polymorpha, were used in this study. Uniform and healthy seeds of the annual Medicago species were purchased from Pakan Bazr Co. (Isfahan, Iran) and stored at 4°C. After incubation, pods were removed from half of the seeds for the treatments assigned to "without pods". Seeds of each species were inoculated with Sinorhizobium meliloti before planting (Kim and Nam 2013; Mastrodomenico et al. 2013) . The rate of 300 mg bacteria per 60 kg of seed was used (Pimratch et al. 2008) . A total of 96 pots were prepared. Table 1 shows the chemical and physical properties of the pot soil. Ten seeds for each treatment were planted in 5 L capacity pots, filled with a mixture of peat moss and soil (1:2). The experimental design was a completely randomized design (CRD) arrangement in 3 × 2 × 4 factorial with four replications. Different species of annual medics were the first factor and included Medicago rigidula, M. scutellata, and M. polymorpha. The second factor was the existence or elimination of the pod and the third factor was the drought stress, which had four levels (100%, 80%, 60%, and 40% field capacity (FC)). Twentyfour pots were used for each treatment.
After emergence, the plants were thinned to six per pot. Pots were transferred to the greenhouse (the plants started in a growth cabinet). Day and night temperatures in the greenhouse were maintained at 28/22 ± 2°C with natural lighting. Pots were kept weed-free by hand-hoeing. Pots were irrigated at field capacity (FC) until 20 d after planting. Plants were subjected to water stress treatment by withholding irrigation water 20 d after planting (using four irrigation regimes: Control (no drought, well-watered) = 100% FC of the soil, mild drought = 80% FC, moderate drought = 60% FC, and severe drought = 40% FC.) for 4 wk followed by re-watering for 2 wk. We have chosen drought and recovery periods according to Erice et al. (2010) and Sapeta et al. (2013) . Leaf area (cm 2 ) was measured at 48, 55, and 62 d after planting, plant height and shoot dry weights were measured at 48 and 62 d after planting from two plants in each pot. Root dry weight, number of nodules per plant, and nitrogen fixing nodules per plant (μmol N plant
were measured at the end of the experiment (62 d after planting) from two plants The quantity of nitrogen fixed in the nodules was determined by the acetylene reduction method from two plants based on Hardy et al. (1968) .
Statistical analysis
Analysis was performed with the statistical software SAS Program Version 12 (2004) (SAS Institute Inc., Cary, NC, USA). The significant differences between the means were evaluated using standard errors.
Results

Leaf area
In both treatments of pod elimination versus pod retention (with and without pods), leaf area increased in all four irrigation treatments of the Medicago species (Fig. 1) . During the recovery period (from 48 to 62 d after planting) there were no significant differences between the 80% and 100% FC treatments in M. rigidula and M. polymoroha (Figs. 1a, 1b, 1e, 1f) , while in the case of M. scutellata there was no significant difference between 100%, 80%, and 60% FC (Figs. 1c, 1d ). Only the 40% FC leaf area was significantly different compared to control (100% FC) in M. scutellata. During the recovery period, the leaf area as well as the recovery ability of seedlings of the pod eliminated treatment was higher than those of the pod retained treatment in all three annual Medicago species. The highest leaf area was in M. polymorpha followed by M. scutellata and M. rigidula (Fig. 1) . Figure 2 indicates the effects of the 2 wk recovery period (from 48 to 62 d after planting) and pod Fig. 1 . Effects of irrigation treatments on leaf area (cm 2 ) of seeds with pods M. rigidula (a), seeds without pods in M. rigidula (b), seeds with pods in M. scutellata (c), seeds without pods in M. scutellata (d), seeds with pods in M. polymorpha (e), and seeds without pods in M. polymorpha (f). There are no significant differences between averages with similar overlap ranges for each day after sowing according to standard error. elimination on plant height in the three annual Medicago species. Based on Fig. 2 , it is observed that in both pod treatments (with and without pods), plant height increased in all four irrigation treatments of the three annual Medicago species. During the recovery period, the plant height in the pod eliminated treatment was higher than those with pods in all three Medicago species, as well as their recovery ability. The highest plant height occurred in M. polymorpha. In most cases (Figs. 2b, 2c, 2d, 2f) there was no significant difference between 80% FC and the control treatment (100% FC) (Fig. 2) .
Plant height
Shoot dry weight
Shoot dry weight, in all three Medicago species, increased all through the four irrigation treatments when pods were eliminated (Fig. 3) . During the recovery periods there was no significant difference between 60%, 80%, and 100% FC in M. rigidula and M. scutellata (Figs. 3a, 3b, 3c, 3d) , while in the case of M. polymoroha there was no significant difference between 100% and 80% FC (Figs. 3e, 3f) . During the recovery period, shoot dry weight in treatments without pods was higher than those with pods in all three Medicago species, and the recovery ability was higher in treatments without pods. The highest shoot dry weight was observed in M. polymorpha followed by M. scutellata and M. rigidula (Fig. 3) .
Root dry weight
The root dry weight, in all three Medicago species, decreased with increasing drought stress (from 100% to 40% FC) under both pod elimination and retention treatments (Fig. 4) . There was no significant difference between 100% and 80% FC (Fig. 4) . According to the results, the root dry weight of M. polymorpha was significantly higher than the other species while the root dry weight of M. scutellata and M. rigidula showed no significant difference compared to each other. Generally, the root dry weight in treatments without pods was higher than those with pods.
Nodule number
The number of nodules, in all three Medicago species, decreased with increasing drought stress (from 100% to 40% FC) under both pod treatments (Fig. 5) . The number of nodules in M. polymorpha was significantly higher than that of the two other species at 100% and 80% FC in Fig. 2 . Effects of irrigation treatments on plant height (cm) of seeds with pods in M. rigidula (a), seeds without pods in M. rigidula (b), seeds with pods in M. scutellata (c), seeds without pods in M. scutellata (d), seeds with pods in M. polymorpha (e), and seeds without pods in M. polymorpha (f). There are no significant differences between averages with similar overlap ranges for each day after sowing according to standard error. treatments without pods. In fact, the effect of pod elimination on the number of nodules in M. polymorpha under the control and 80% FC treatments was significant but did not affect the other two species as much. The number of nodules recorded in treatments without pods was higher compared to that with pods, but showed no significant difference.
Nodule fixed nitrogen
The quantity of nitrogen fixed in nodules, in all three Medicago species, decreased with increasing drought stress (from 100% to 40% FC) under both pod treatments (Fig. 6) . Pod elimination caused no significant changes in the amount of nitrogen fixed in the nodules; although the nitrogen fixing ability of M. polymorpha was improved Fig. 3 . Effects of irrigation treatments on shoot dry weight (g) of seeds with pods in M. rigidula (a), seeds without pods in M. rigidula (b), seeds with pods in M. scutellata (c), seeds without pods in M. scutellata (d), seeds with pods in M. polymorpha (e), and seeds without pods in M. polymorpha (f). There are no significant differences between averages with similar overlap ranges for each day after sowing according to standard error. Fig. 4 . Effects of irrigation treatments on root dry weight (g) of seeds with and without pods in M. rigidula, M. scutellata, M. polymopha. There are no significant differences between averages with similar overlap ranges for each FC according to standard error. in the treatments without pods and the quantity of N 2 fixed in the nodules was higher compared with the other two Medicago species (Fig. 6 ).
Discussion
This research was conducted to analyze the effect of pod elimination on drought stress and subsequent recovery in three annual Medicago species. The Medicago species responded differently to drought and recovery as was observed by their changes in morphology, physiology, and nitrogen fixing ability. Water stress has been reported as an environmental factor that modifies leaf area (Alfredo et al. 2000) . Loss of leaves and reduced expansion of younger leaves caused a decrease in leaf area of the stressed plants. In response to drought stress, plants are able to control transpiration (water loss) by reducing leaf expansion rate to prevent dehydration of leaf tissues (Nayyar and Gupta 2006) . The impact of water stress on leaf growth can be explained as a method of adaptation to the conditions of water shortage to limit the rate of transpiration, in order to maintain water supply in the soil around plant roots, in order to increase the plant's chances of survival (Boutraa et al. 2010) . The rapid reduction in leaf area growth may be due to the plant's ability to rapidly synthesize and accumulate ABA at an early phase of the water deficit episode (Alfredo et al. 2000) . In this study, the highest growth rate of leaf area was observed in M. polymorpha; during the recovery period it showed a higher recovery ability compared with other species. Moreover, mild and moderate drought showed no significant effect on the leaf area. Similar variation of alfalfa cultivars in response to drought and subsequent recovery has been reported by Erice et al. (2010) . During the recovery stage, seedlings of the annual Medicago species showed a rapid growth rate but the length of the stressed seedlings was shorter than the length of the controls (100% FC). In all cases, there was no significant difference between the 100% and 80% FC. This indicates that the tested species have good recovery ability from mild drought stress. One of the physiological traits with a positive effect on annual medics yield is plant height, which varies from 10 to 100 cm in different species (Esfandiary et al. 2009 ). Although plant height is a species-dependent trait that varies among different species of a genus, drought stress significantly reduced plant height by regulating plant growth and development, assimilation, limited plant production, and altered the physiological and biochemical properties of plants (Liu et al. 2011) . M. polymorpha reached the highest height in this study, even under drought stress (from 100% to 40% FC). There are no significant differences between averages with similar overlap ranges for each FC according to standard error. Fig. 6 . Effects of irrigation treatment on nod fixed N 2 with and without pods in M. rigidula, M. scutellata, M. polymopha. There are no significant differences between averages with similar overlap ranges for each FC according to standard error.
During the recovery stage from mild drought (80% FC) and moderate drought (60% FC), no differences in shoot dry weight were observed with the control group in M. rigidula and M. scutellata that could be considered to have a relatively good recovery ability, although M. polymorpha was the species with the highest shoot dry weight. Plants in dry conditions often decrease biomass production and contribute more biomass to roots, as well as maintain a higher root/shoot ratio (Erice et al. 2010) as an adaptation trait to drought resistance. Dry weights decrease under the various water stress levels. This could be a result of the low water availability in the soil which decreases photosynthesis and carbohydrate accumulation, thereby limiting overall plant growth as reported by Boutraa et al. (2010) and Khalid (2006) . In the present research, M. polymorpha was found to be more dehydration tolerant than others. This was reflected by the higher dry weight reduction under water deficit conditions and compensation during the recovery period. The results of our research agree with the findings of Achten et al. (2010) , who observed that withholding water would arrest growth, but maintaining plants at low soil water availability (40%) would allow them to continue growing, although at a slower rate than fully irrigated plants.
As we have mentioned before, in almost all cases there was no significant difference between the control treatment (100% FC) and 80% FC, while some cases showed insignificant difference between the control, 80%, and 60% FC, which confirmed that annual Medicago species can be considered as semi-drought tolerant species and their recovery ability from mild and moderate drought stress is relatively good. These results are in agreement with Sadeghi et al. (2014) and Nunes et al. (2008) , who stated that annual Medicago species are well adapted to semi-arid conditions and generally known as a semidrought tolerant species.
Water is the most important environmental factor affecting nitrogen fixation. Water scarcity can reduce or stop nodule activity in two ways. The first is the indirect effect of drought on the fixation process that decreases the plant's photosynthetic activity and photo-assimilate translocation which reduces nitrogen fixation (this symptom is more intense under severe drought stress), and the second is the direct effect of drought on N 2 fixation, by reducing oxygen emissions to nodules which reduces the degree of breathing. Since N 2 fixation is an endergonic reaction, restricted energy production will reduce the rate of this reaction (Fujita et al. 1994) . In this study, with regard to the effect of water stress on the number of root nodules, the different water stress treatments resulted in a gradual decrease as the stress increased in all annual Medicago species. A similar trend was observed in the quantity of nitrogen fixed. In treatments with pods intact, under control and drought stress treatments, M. polymorpha was found superior, but in experiments without pods, after imposing drought stress, the highest amount of fixed nitrogen was found in M. scutellata. It is also worth noting that all Medicago species under severe stress, in terms of nodule number and quantity of fixed nitrogen, were at the same level. Similar results were obtained by Mastrodomenico et al. (2013) in the response and recovery of nitrogen fixation activity of soybean to water deficit conditions.
Regarding the relationship between pod elimination and growth parameters, as well as nitrogen fixation, all measured growth parameters and N 2 fixation traits in treatments without pods were higher than those with pods. However, the effect of pod elimination on growth parameters was more significant than on nitrogen fixation. It seems that pod elimination positively affected the plant growth characteristics in the three Medicago species, but only improved the nitrogen fixing ability of M. polymorpha. Kaya (2009) reported that the inhibitory effect of sodium chloride (NaCl) on seed germination was greater on hulled seeds of sunflower compared to dehulled seeds. Also, the superior germination of dehulled seeds was due to fast imbibitions compared to hulled seeds, where hulls slowed or prevented water uptake. Francis (1988) stated that in the cultivation of annual medics with intact seed pods, due to the high density and compactness of the pods, water absorption by the seed is difficult and this leads to the reduced germination and weak establishment of seedlings. It is obvious that weak seedlings are more sensitive to biotic and abiotic stresses. The analysis of present and previous data allows us to suggest that the elimination of pods not only improves the ability of seed germination and establishment, but also helps seedlings to resist drought stress. To the best of our knowledge, this is the first investigation that links responses to drought stress and the effect of pod elimination in legumes. The findings have important implications in revealing the mechanisms and methods that confer stress resistance and provide insights into the potential of this plant to adapt to environmental changes.
Conclusion
Elucidating the endogenous mechanisms that confer stress resistance is essential to providing insights into the potential of plants to adapt to environmental change. The results indicate that M. polymorpha performed better than the other two species evaluated as indicated by its higher ability to recover N 2 fixation and growth characteristics after drought stress has been relieved. Nitrogen fixing ability as well as growth parameters in treatments without pods were significantly higher than in treatments with pods, suggesting that elimination of pods helps seedlings to perform better under drought stress. A better understanding of the physiological basis of changes in drought resistance could be used to select or create new varieties of crops to obtain better productivity under water deficit conditions.
